The 2-aminopyridine•2-pyridone (2AP•2PY) dimer is linked by N-H¯OvC and N-H¯N hydrogen bonds, providing a model for the Watson-Crick hydrogen bond configuration of the adenine•thymine and adenine•uracil nucleobase pairs. Mass-specific infrared spectra of 2AP
I. INTRODUCTION

The 2-aminopyridine•2-pyridone (2AP•2PY) dimer is a simple base-pair mimic of adenine•uracil (A•U) and adenine•thymine (A•T) in their Watson-Crick hydrogen bonding topologies. Like the canonical base pairs, 2AP
•2PY is a cyclic doubly hydrogen bonded dimer, see Scheme I. The vibronic S 1 ↔S 0 spectra of the supersonically cooled 2AP•2PY dimer have been investigated with respect to its six intermolecular vibrations and hydrogen bond force constants, using UV laser resonant two-photon ionization and fluorescence methods. 1 Recently, a rotationally resolved laser spectrum of the S 1 ←S 0 origin of 2AP•2PY has been observed and analyzed in terms of the (amino)N-H¯N and amide N-H¯OvC hydrogen bond distances and the dihedral angle between the aromatic planes. 2 These data provide detailed information on the structural and hydrogen bond characteristics of an isolated A•T base pair mimic in the absence of the nucleic acid backbone and/or solvent. On the other hand, the infrared ͑IR͒ spectrum of this dimer, which would directly reveal the influences of hydrogen bonding on the 2-aminopyridine amino N-H and 2-pyridone N-H intramolecular vibrations has not yet been measured.
The supersonically cooled nucleobases adenine ͑A͒, [3] [4] [5] [6] guanine ͑G͒, 7 cytosine ͑C͒, 8 their self-dimers G•G, 9 C•C, 10 A•A, 11 and the mixed dimers G•C 12 and adenine•thymine (A•T), 13 have been investigated in supersonic jets using resonant two-photon ionization, IR-UV, and UV-UVholeburning methods. These studies have diagnosed the presence of different keto/enol nucleobase tautomers in the supersonic beam. [5] [6] [7] 10 Since each tautomer in turn offers a number of possible hydrogen-bonding sites, dimers with different H-bonding topologies can be formed, 9-14 many of which are not biologically relevant. The IR spectrum of the observed G•C dimer has been analyzed in terms of the Watson-Crick configuration with cytosine in the biologically rare enol form, 12 and that of the A•T dimer has been assigned in terms of the Watson-Crick site at A, but with T bound via its C2vO and N1 -H groups; 13 the latter is bound to desoxyribose in DNA.
By using simpler monomers as base pair mimics that offer only two H-bonding sites each, this complexity can be avoided:
1,2,15-20 The 2-pyridone ͑2PY͒ molecule, shown above, is analogous to uracil ͑U͒ and T, exhibiting the same N-H donor and CvO acceptor groups. The antiparallel N-H¯OvC hydrogen bonds of the 2-pyridone dimer, (2PY) 2 , are analogous to the uracil ''wobble'' dimer. 21, 22 Its symmetric doubly hydrogen-bonded structure, 15, 16 intermoa͒ Author to whom correspondence should be addressed. Electronic mail: samuel.leutwyler@iac.unibe.ch lecular vibrations, 17 ultrafast excited-state energy transfer 19 and large hydrogen-bond energy ͓Ϸ20 kcal/mol ͑Ref. 23͔͒ have been studied. The 2-pyridone•2-hydroxypyridine (2PY•2HP) mixed dimer, which mimics the rare enol tautomers, has been studied at vibronic resolution, 18 at rotational resolution at the 2PY S 1 ←S 0 origin and by fluorescence-dip IR spectroscopy in the region of the hydride stretch fundamentals. 20 In both dimers, the stretching vibrations of the hydrogen-bonded N-H and O-H groups give rise to intense and unusually broad IR bands that extend from 2650 to 3000 cm Ϫ1 and exhibit complicated substructure. In the cyclic doubly H-bonded carboxylic acid dimers, 24 -32 large anharmonic couplings produce extremely broad (Ϸ800 cm Ϫ1 ) IR spectra in which the O-H stretch oscillator strength is spread over hundreds of wave numbers. 28, 30, 31 Mass-and isotopomer-selective IR spectroscopy of complexes and clusters in molecular beams can be performed by combining resonant two-photon ionization ͑R2PI͒ detection of the supersonically cooled ground state species with IR depletion of the same ground state. This IR-UV double resonance technique has been applied by several groups for the study of H-bonded systems. [33] [34] [35] [36] [37] [38] Here, we present an IR-UV double resonance study of the supersonically cooled 2AP
•2PY dimer and its seven N-H deuterated isotopomers. The mass-selectivity combined with the spectroscopic selectivity of the double-resonance scheme allow to acquire the IR spectra from six distinguishable species. In contrast to the (2PY) 2 and 2PY•2HP dimers that only show broad absorptions, 20, 39, 40 the 2AP•2PY isotopomers exhibit both broad and narrow IR bands in the region 2550-3650 cm Ϫ1 , giving detailed frequency and intensity information on the hydrogen-bonded N-H and N-D stretches of this base pair mimic.
II. EXPERIMENTAL AND THEORETICAL METHODS
The supersonic molecular beam setup for the 2AP
•2PY experiments has been previously described. 1 The previously reported mass-selected two-color resonant twophoton ionization ͑2C-R2PI͒ spectra 1 of 2AP•2PY were extended to the four isotopomer masses corresponding to H 3 -, H 2 D-, HD 2 -, and D 3 -2AP•2PY. Partial or full deuteration at the N-H groups was performed by refluxing 2AP and 2PY in CD 3 OD. The dimers were excited at their S 1 ←S 0 origins in the range of 30 260-30 300 cm Ϫ1 using a Nd:YAG pumped frequency doubled dye laser and ionized with the 266 nm output of the same Nd:YAG laser in the source of a 1 m long time-of-flight mass spectrometer.
1 Mass-and isotopomerspecific IR spectra were measured with the IR-UV double resonance method [33] [34] [35] [36] [37] [38] by overlapping the focused IR and the UV laser beams anticollinearly in the source of the TOF-MS. The UV excitation laser energy was 1.5-2.0 mJ/pulse, in order to saturate the corresponding S 1 ←S 0 origin transition and obtain the most stable ion signal possible. The ion signal of a selected isotopomer was monitored at ͑one of͒ its electronic origin͑s͒, for further details, see the following section. Every other UV laser pulse was preceded by 150 ns with a counterpropagating, spatially overlapped IR pulse. When the IR laser frequency coincides with an IR transition out of the level being monitored, its ground-state population decreases and the R2PI signal out of the same level is depleted. The difference in the ion signal obtained without and with the IR laser present was recorded as a function of IR frequency.
IR laser radiation in the range of 2550-3650 cm Ϫ1 at a resolution of 0.20 cm Ϫ1 was produced by the idler output of a LaserVision OPO/OPA pumped by the fundamental of a 10 Hz injection-seeded Continuum PL8000 Nd:YAG laser. The UV and IR systems were triggered at 20 and 10 Hz, respectively, using a Stanford Research ͑SR͒ DG535 pulse generator and a home-built trigger divider. The wavelength of the OPO was scanned at 0.01 nm/s (Ϸ0.009 cm Ϫ1 /s). As the OPO/OPA maintained a nearly constant power level over about 450 cm Ϫ1 , the spectra were measured in three sections of 450 cm Ϫ1 with an overlapping range of about 75 cm Ϫ1 at each end. Each section was calibrated and linearly power corrected; the data were then combined to one set.
Single-shot data were acquired at 10/20 Hz using SR250 gated integrators, set to individual mass channels. Two further gated integrators synchronously measured the photoacoustic IR spectrum of H 2 O vapor ͑12 mbar͒, for wavelength calibration, and the IR laser power using a Gentec pyroelectric measuring head. The integrated signals were digitized and transferred shot by shot via an NI 6024E A/D converter to a PC running a LABVIEW program. The differences of two successive data points were calculated and averaged over 1200 points. The IR wavelengths were calibrated against a spectrum of H 2 O vapor recorded at 0.02 cm Ϫ1 resolution on a BOMEM DA.8 Fourier transform infrared spectrometer.
Density functional theory ͑DFT͒ calculations were carried out using the B3LYP and PW91 functionals with the valence triple 6-311ϩϩG(d,p) basis set. In a recent study of the doubly H-bonded dimer (2PY) 2 , we have shown that the PW91 functional performs very well for both the geometry and the binding and dissociation energies, when benchmarking against the MP2 method combined with complete basis set extrapolation. 23 The B3LYP functional predicts slightly lower binding energies and longer H bonds, but is in better agreement with the intermolecular vibrational frequencies. 23 Since restricted Hartree-Fock RHF/6-31G(d,p) calculations have been widely used for the interpretation of the hydride stretch IR spectra of nucleobase dimers, 9-12 we include frequencies at this level. All structures were optimized without constraints until the largest component of the residual gradients were р2ϫ10 Ϫ10 hartree/bohr ͑or radian͒.
At all levels, harmonic vibrational frequencies and IR intensities were calculated using analytical first and second derivatives at the minimum-energy geometries. The RHF harmonic frequencies were scaled by the factor 0.893, used for nucleobase vibrations by other groups. [9] [10] [11] [12] The calculations were performed wit GAUSSIAN 98 or GAUSSIAN 03. 41, 42 
III. THEORETICAL RESULTS
As will be discussed in more detail below, the comparison of the RHF, B3LYP, and PW91 calculated intramolecular harmonic frequencies with the observed ͑anharmonic͒ fre-quencies shows best agreement with the PW91 results. In Table I , we present the PW91 harmonic frequencies and IR intensities for the intramolecular 2AP H-N-H bend and the set of all N-H and C-H stretching modes of the eight distinct N-H/N-D isotopomers: The column headers indicate the deuteration stoichiometry ͑e.g., all three dideuterated dimers are HD 2 ) and in parentheses, the specific positions of the D atoms in the sequence:
As an example, HD 2 (Ϫbf) means N-H on 2PY, a bound and a free N-D on the 2AP amino group.
The normal mode eigenvectors of several important N-H vibrations are shown in Fig. 1 : these can be characterized as the 2AP H-N-H bend, the 2PY amide N-H stretch, and the bound and free N-H stretches at the 2AP amino group. The H-N-H bend fundamental is outside the frequency range of interest, but is shown since its first overtone is clearly observed in several IR spectra discussed below. Mode 59 at 2795 cm Ϫ1 is dominantly localized on the 2PY N-H stretch coordinate. Mode 68 at 3132 cm Ϫ1 is localized on the amino N-H b coordinate, while the free N-H contributes very little. The highest frequency mode 69 at 3614 cm Ϫ1 represents the free N-H stretch coordinate and is not coupled to other intramolecular modes. Comparing to the free monomers, the main changes occur for the amino group stretches: In free 2AP they couple to form a symmetric and an antisymmetric normal mode, whereas in the dimer they are nearly decoupled.
The C-H stretching normal modes ͑not shown͒ are largely localized on either the 2AP or the 2PY moiety, i.e., there is little coupling across the H bonds. Several of the C-H stretching vibrations involve two or more coupled C-H coordinates. The range of C-H frequencies on the 2AP moiety is 3077-3146 cm Ϫ1 , for 2PY it is slightly higher, 3105-3161 cm Ϫ1 . As is seen from Table I , H/D exchange at the N-H groups has little influence on the C-H frequencies, leading to shifts of typically Ϯ1 -2 cm Ϫ1 . However, the relatively low ͑5-50 km/mol͒ C-H band intensities increase by a factor of up to 50 if a close resonance with a strong N-H vibration occurs. For the isotopomers H 3 , H 2 D ͑--f͒, H 2 D ͑b--͒, and HD 2 ͑b-f͒ such fundamental resonances between the amino N-H b stretch and one of the C-H modes can be seen in Table I .
IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. The 2AP"2PY electronic origin bands
The S 1 ↔S 0 electronic origin of 2AP•2PY at vibronic resolution 1 is at 30 266.2 cm Ϫ1 , at rotational resolution 2 the precise origin has recently been placed at 30 266.83 Ϯ0.02 cm Ϫ1 . Figure 2 shows the 2C-R2PI spectra in the region of the electronic 0 0 0 transitions of the H 3 -, H 2 D-, HD 2 -, and D 3 -isotopomers. H/D exchange at the N-H groups is seen to induce blueshifts of the origins.
The H 2 D isotopomer is expected to show three separate origins, corresponding to H/D exchange at the three distinct N-H groups. We observe a broad and intense origin at 30 268 cm Ϫ1 and a narrower and weaker band at 30 294.2 cm Ϫ1 . Since 2PY is the UV chromophore, deuteration at the 2PY amide N-H should induce a larger spectral shift than deuteration at the 2AP amino group. The band at 30 294.2 cm Ϫ1 is hence assigned to the 2AP•D 1 -2PY isotopomer, the 30 268 cm Ϫ1 band as the two overlapping origins of the D 1 -2AP•2PY species that are monodeuterated at the amino group. Decomposition of this band into overlapping Gaussians with 2.5 cm Ϫ1 full width at half maximum yields approximate subband maxima at 30 267.6 and 30 269.4 cm Ϫ1 . For the HD 2 -isotopomer we observe a weaker and narrower band peaking at 30 270.3 cm Ϫ1 and a broader and intense origin band peaked at 30 296.2 cm Ϫ1 . The lowerfrequency band is assigned to D 2 -2AP•2PY, the higherfrequency band to the two distinct D 1 -2AP•D 1 -2PY species. Again, the latter band can be decomposed into two overlapping bands centered at 30 295.5 and 30 296.9 cm Ϫ1 . In agreement with these assignments, the R2PI spectrum of the D 3 dimer shows a single electronic origin at the higherfrequency position (30 297.8 cm Ϫ1 ). ) and IR intensities ͑in km/mol͒ of 2-aminopyridine•2-pyridone and its N-H deuterated isotopomers. The relative intensity pattern of the six origin bands confirms that the lower/higher frequency origins are due to species with N-H/N-D on 2-pyridone. The individual deuteration shifts of the origins are ϩ28.0 cm Ϫ1 for deuteration of the 2PY amide N-H, and ϩ1.4 or ϩ3.2 cm Ϫ1 for deuteration at one of the amino N-H groups. Based on the expected changes of the N-H stretch frequencies upon electronic excitation, we assign the smaller/larger shift to the free/bound amino N-H, see also below. Double deuteration of the 2AP amino group shifts the origin by ϩ4.1 cm Ϫ1 , which is 0.5 cm Ϫ1 less than the sum of the individual shifts. The total deuteration shift of any dimer can be added from these individual shifts to within about 0.5 cm Ϫ1 .
B. 2AP"2PY ground state IR depletion spectra
IR-UV double resonance spectra of 2AP•2PY from 2600 to 3600 cm Ϫ1 were measured on each of the six S 1 ←S 0 origins shown in the 2C-R2PI spectra, Fig. 2 
C-H stretching vibrations
We begin the analysis with the D 3 species, since here the absence of N-H groups allows to observe the C-H stretching fundamentals without any coupling to the N-H stretches. The IR spectrum in Fig. 3͑b͒ shows three weak bands at 3029, 3043, and 3082 cm Ϫ1 , which are also observed in the other IR spectra, cf. Figs. 4 and 5 and Table II . Several very weak bands in the range 3110-3150 cm Ϫ1 are due to the five other C-H stretches. The PW91 calculation predicts three weak bands (Ϸ20 km/mol) and four very weak bands ͑4 -9 km/mol͒, in good agreement with experiment. The strongest band at 2628 cm Ϫ1 is due to the amino free N-D f stretch of the amino group of 2AP ͑see also below͒; its position and intensity are also in very good agreement with experiment. The PW91 harmonic frequencies are typically Ϸ1.6% higher than the experimental ones.
Bound 2PY amide N -H b stretching vibration
The IR bands associated with the isolated 2PY amide N-H group are clearly seen in the spectrum of the HD 2 isotopomer with a -ND 2 group on 2AP, Fig. 4͑b͒ , as a broad and intense structure extending from 2700 to 3000 cm Ϫ1 . A group of four bands peaking at 2743 cm Ϫ1 dominates the low-frequency end, followed by a Ϸ30 cm Ϫ1 broadband at 2833 cm Ϫ1 and a Ϸ130 cm Ϫ1 wideband at 2884 cm Ϫ1 that slopes down towards higher frequencies. The discrete bands from 3029-3140 cm Ϫ1 in Fig. 4͑b͒ are similar to the C-H stretching region of the spectrum in Fig. 3͑b͒ and are as- signed as C-H stretching fundamentals. Their intensity is 2-3 times larger than in spectrum 3͑b͒. Intense and broad bands with a complex substructure extending from 2700 to 2950 cm Ϫ1 also dominate the IR spectra of the H 2 D dimer shown in Fig. 4͑a͒ and that of the H 3 -isotopomer, in Fig.  5͑a͒ ; for all three isotopomers the subband features are similar.
Since the broadband pattern appears for all dimers with N-H on 2PY, Figs. 4 and 5͑a͒ and is absent for the dimers with N-D on 2PY, Figs. 3 and 5͑b͒, it must be entirely due to vibrations of the 2PY amide N-H group. The PW91 calculations in Table I predict the amide N-H stretching frequency at 2795-2800 cm Ϫ1 , in excellent agreement with the centroid of this broadband, and 1.8% higher than the band maximum. The PW91 calculation also predicts a very large band intensity of 2000-2700 km/mol; since no other fundamentals lie within this spectral region, the intensity of the entire band structure is derived from the amide N-H stretch.
Broad and intense IR bands have also been previously measured for (2PY) 2 and 2PY•2HP, where the hydrogenbonded amide N-H stretch͑es͒ give rise to a semicontinuous band from 2650 to 3000 cm Ϫ1 , peaking at Ϸ2700 cm Ϫ1 . 20, 39, 40 For the analogous cyclic hydrogenbonded carboxylic acid dimers, the two O-H stretching vibrations give rise to an Ϸ800 cm Ϫ1 broadband structure. 24 -32 Several theoretical model analyses have been performed: 28, [30] [31] [32] The most important mechanisms that are applicable to the amide N-H stretch in 2AP•2PY are ͑i͒ anharmonic couplings between the N-H stretch and the hydrogen-bond stretch vibration , leading to a combination progression in the H-bond stretch, ͑ii͒ Fermi coupling between the N-H stretch with nearly resonant combinations of C-N-H bending modes, ͑iii͒ overlapping absorptions of C-H stretching modes. Trivial broadening mechanisms from hot bands or coupling of the dimer's vibrations with its surrounding are excluded due to the cold (Tϭ3 -5 K) and isolated environment afforded by the supersonic beam.
As to mechanism ͑i͒, the H-bond stretching frequency of 2PY•2AP has been measured by laser-induced fluorescence 1 as ϭ136.3 cm Ϫ1 . Analysis of the band structure in Figs. 4 and 5͑a͒ reveals a Ϸ140 cm Ϫ1 spacing between the maximum at 2743 cm Ϫ1 and the third subband at Ϸ2883 cm Ϫ1 . However, the third band does not reproduce the characteristic four peaks of the 2717-2761 cm Ϫ1 group, as would be expected for a combination band. Furthermore, we have not found any combination bands of the amino N-H stretch with the H-bond stretch in the higher-frequency narrow-band part of the spectrum. These observations argue against mechanism ͑i͒, also, the Ϸ140 cm Ϫ1 spacing may be purely coincidental. A possible contribution from mechanism ͑iii͒ is the band at 3007 cm Ϫ1 which does not appear as a C-H stretch in the spectrum of the D 3 -species, Fig. 3͑b͒ . We also note the general intensity increase of the C-H stretching bands, seen most clearly when comparing Figs. 5͑a͒ and 5͑b͒. Analogous to the carboxylic acid dimers, 28, 30, 31 mechanism ͑ii͒, i.e., anharmonic couplings of the N-H stretch with combinations of C-N-H in-plane and out-of-plane bends seem to be responsible for the broad band structures between 2700 and 3000 cm Ϫ1 . A more detailed theoretical analysis will be presented elsewhere. The PW91/6-311ϩϩG(d,p) calculation for the H 3 species predicts the free N-H stretch fundamental at 3614 cm Ϫ1 , which is 80 cm Ϫ1 or 2% higher than observed. Upon deuteration of the bound N-H b group, the free N-H f stretch decreases by 5 cm Ϫ1 , in good agreement with the observed 7 -8 cm Ϫ1 shift. As noted above, the IR band of the D 3 isotopomer at 2628 cm Ϫ1 corresponds to the free N-D f stretch, cf. Fig.  3͑b͒ . The PW91 calculated harmonic frequency is 2656 cm Ϫ1 or 1.1% higher than observed. The free N-D f stretch is also observed at 2597 cm Ϫ1 in the spectrum of the HD 2 species, Fig. 3͑a͒. Compared to Fig. 3͑b͒ , the fact that the bound group is N-H lowers the free N-D stretch by 
cm
Ϫ1 ; the PW91 calculation correctly predicts this lowering to be 28-29 cm Ϫ1 .
Bound amino N -H b stretching vibration
In the spectrum of the H 2 D species with 2PY amide N-D, Fig. 5͑b͒ , the most intense band is observed at 3139 cm Ϫ1 ; it is assigned to the bound amino N-H b stretch. The second most intense band at 3106 cm Ϫ1 in Fig. 5͑b͒ is attributed to a C-H stretch which is enhanced by the proximity of the intense N-H b stretch; note that this is an interaction between two fundamentals. The PW91 calculation accurately predicts both the frequencies and the intensity changes already at the harmonic level: The calculated C-H band intensity is enhanced Ϸ50 times by the proximity of the strong N-H transition. The calculated C-H:N-H band intensity ratio is 1:5 ͑Table I͒, approaching the observed intensity ratio of 1:2.5.
In the H 3 -spectrum, Fig. 5͑a͒ , a very similar strong doublet at 3106 and 3139 cm Ϫ1 is observed. Consistent with this assignment, the IR spectra of the isotopomers with a -ND 2 group on 2AP do not show such an intense band, cf. Figs. 3͑b͒ and 4͑b͒.
A rather different band structure due to the bound amino N-H b stretch is observed for the HD 2 -dimer with 2PY amide N-D, Fig. 3͑a͒: Comparing to Fig. 3͑b͒ , one sees that the bound amino N-H b stretch gives rise to a group of bands from 3202 to 3250 cm Ϫ1 . A similar band structure is also observed in the spectrum of the H 2 D species with a free amino N-D f group, Fig. 4͑a͒ . The qualitative difference between the bound amino N-H b stretch bands in Figs. 5͑a͒ and 5͑b͒ on the one hand and Figs. 3͑a͒ and 4͑a͒ on the other hand can be traced to two sources:
͑i͒ The difference of a N-H b stretch in an -NH 2 group and in a -NHD group. For the N-H b stretch in a -NH 2 group, PW91 predicts a frequency of 3130-3132 cm Ϫ1 , close to the measured frequency, see Table I . The N-H b stretch in a -NHD group is calculated to lie at 3147-3150 cm Ϫ1 , almost 20 cm Ϫ1 higher. ͑ii͒ In the -NHD amino group, the H b -N-D f bend frequency is calculated to lie at 1572 cm Ϫ1 , which is half the calculated N-H b frequency to within 2 cm Ϫ1 , see Table I . Since the bend and stretch vibrations occur within the same group, one expects a strong 2:1 Fermi resonance of the H b -N-D f bend overtone with the N-H b stretch fundamental. In contrast, for the species with -NH 2 groups, the H b -N-H f bend fundamental is calculated to lie at 1649 cm Ϫ1 , giving a harmonic overtone about 165 cm Ϫ1 above the calculated N-H b frequency ͑see Table I and the following section͒, thereby moving the bend overtone level out of resonance with the stretch fundamental.
The amino H-N-H bend overtone
In both IR spectra in Fig. 5 a medium strong band appears at 3320 cm Ϫ1 . This transition is characteristic for the isotopomers with a -NH 2 amino group on 2AP and is not observed in any of the spectra of the isotopomers with a -NHD or -ND 2 amino group. We hence assign it to the overtone of the H-N-H bending mode. Although quite far from the amino N-H b fundamental, see above, it may gain some intensity via anharmonic coupling. The PW91 calculated harmonic bend overtone is at 3298 cm Ϫ1 . This is 0.7% below the experimental frequency, in good agreement with the relative shifts found for the other vibrations.
C. Comparison to monomers and other systems
The N-H stretching frequency of bare 2-pyridone lies at 3448 cm Ϫ1 . 39, 44 As shown in Table III , it is calculated at 3510 cm Ϫ1 with the PW91 functional, which is 1.7% higher than observed, consistent with the 1%-2% differences found above. For 2AP•2PY, we take the band maximum at 2743 cm Ϫ1 as the effective 2PY amide N-H stretching frequency. The resulting experimental shift relative to that of free 2PY is Ϫ705 cm Ϫ1 , or about 20%. The PW91 calculated shift is Ϫ715 cm Ϫ1 ; the good agreement with experiment suggests that the vibrational shift is dominated by decrease of the harmonic force constant and that the increase of anharmonicity that occurs upon hydrogen bond formation is of secondary importance for the shift. This interpretation is also in line with the analysis of by Emmeluth et al. for carboxylic acid dimers. 31 Note that the calculated intensity of the 2PY amide N-H stretch increases by a factor of Ϸ40 upon H bonding to 2AP, see Table III , in good agreement with the observed large intensity of this band.
When comparing the amino N-H stretches, we note that in bare 2AP these are coupled, forming a symmetric stretch at 3439 cm Ϫ1 and an asymmetric stretch at 3542 cm Ϫ1 . 45, 46 In H-bonded complexes of 2AP the two stretches are recoupled to give a bound and a free N-H stretch. We refer the measured shifts to the average amino N-H stretching frequency 3491 cm Ϫ1 . Compared to this value, the bound amino N-H b stretch in the H 3 -species is experimentally shifted by Ϫ352 cm Ϫ1 or about 10%. The PW91 calculated shift is Ϫ487 cm Ϫ1 . We can compare this shift to those measured for solvent complexes of 2AP: for 2-aminopyridine•NH 3 the H-bonded amino N-H stretch was assigned to bands at 3329 cm Ϫ1 ͑isomer I͒ and 3373 cm Ϫ1 ͑isomer II͒, 45 and for 2-aminopyridine•H 2 O to a band at 3315 cm Ϫ1 . 46 The corresponding shifts are Ϫ164, Ϫ120, and Ϫ178 cm Ϫ1 . These shifts are only about half as large as that observed in 2AP
•2PY. Although this might imply that in 2AP•2PY the amino N-H¯OvC hydrogen bond is stronger than in these solvent complexes, such an interpretation is in conflict with theory: the calculated dissociation energy 1 of 2AP•2PY is slightly less than twice that of the D 0 of 2AP•NH 3 ͑isomer I͒ 45 and only slightly more than twice the D 0 of 2AP With respect to the IR spectrum of adenine•thymine reported by Plützer et al., 13 there is close agreement of the free amino N-H f stretch (3530 cm Ϫ1 ) of adenine with that of 2AP in 2AP•2PY (3533 cm Ϫ1 ). They assigned the adenine amino bound N-H b stretch to a band at 3326 cm Ϫ1 with about the same intensity as the free N-H f stretch, whereas in 2AP•2PY the amino N-H b stretch is at 3139 cm Ϫ1 , about 190 cm Ϫ1 lower and with much larger intensity than the N-H f stretch. As for solvent complexes and clusters of 2AP discussed above, the difference is rather astonishing, given that the hydrogen-bond topologies and calculated dissociation energies of A•T and 2AP•2PY are very similar. Figure 6 compares the experimental IR spectrum of H 3 -2AP•2PY with those calculated at the PW91/6-311ϩ ϩG(d,p) and B3LYP/6-311ϩϩG(d,p) levels ͑note that the DFT frequencies are unscaled͒. The B3LYP frequency and intensity values are also given in Table III . The PW91 frequencies agree with the experimental ones to within about Ϯ1%; that this agreement is not coincidental has been shown above for the other isotopomers. The B3LYP calculation gives frequencies which are 5%-10% higher than experiment. The usual scale factor 47 of 0.9614 would not bring the bound N-H stretches into agreement with experiment; in fact there is no a single scale factor that would achieve the agreement of fit observed for the PW91 frequencies.
1
D. Comparison of different theoretical methods
The third comparison, in Fig. 6͑d͒ is with the restricted Hartree-Fock/6-31G(d,p) frequencies. Here, the frequencies have been scaled by 0.893, a factor that has been previously optimized for frequency calculations of nucleobase dimers such as adenine•thymine 13 and guanine•cytosine. 12 It appears that even the scaled RHF frequencies are not in good agreement with experiment; again, no uniform scale factor would achieve good agreement, since the calculated frequencies of the amide and amino N-H stretches are too close.
V. CONCLUSIONS
The mass-selective infrared spectra of the cyclic doubly hydrogen bonded 2-aminopyridine•2-pyridone dimer and its N-D isotopomers have been measured in the spectral region 2550-3650 cm Ϫ1 , using IR depletion combined with twocolor R2PI detection at the respective UV electronic origins. For two of the H 2 D-and HD 2 -species, the isotopic shift of the electronic origin is not large enough to fully discriminate the two isotopomers. Thus, two of the six IR spectra contain contributions from two different isotopomers of identical mass.
The 2-pyridone amide N-H stretching band is broad and very intense, exhibiting a complicated substructure. This pre- sumably due to coupling to combinations of the amide N-H in-plane and out-of-plane bends. The N-H stretch frequency is lowered by 710 cm Ϫ1 or Ϸ20% upon H-bonding to 2-aminopyridine. This shift is similar to that of the amide N-H stretching vibrations in the (2-pyridone) 2 and 2-pyridone•2-hydroxypyridine dimers. The band intensity increases by a factor of Ϸ40 upon H-bonding, to Ϸ2000 km/mol. H/D exchange at the 2PY amide N-H leads to the complete removal of all bands below about 3000 cm Ϫ1 . The free amino N-H f stretching fundamental is weak and narrow. It lies at 3527 cm Ϫ1 or 3534 cm Ϫ1 , depending on whether the geminal bond is N-H or N-D. This frequency is similar to that of the free amino N-H f in the 2AP complexes and clusters with H 2 O and NH 3 ͑Refs. 45 and 46͒ and of the amino N-H f of adenine in the adenine•thymine dimer. 13 The bound amino stretch N-H b of 2-aminopyridine is lowered by Ϫ354 cm Ϫ1 or Ϸ10% upon H-bonding to the OvC group of 2PY. This vibration also becomes very intense upon H-bonding, experimentally reaching 70% of that of the amide N-H stretch, in good agreement with calculations. The shift upon H bonding to 2PY is about twice as large as the corresponding shifts assigned in 2-aminopyridine complexes and clusters with H 2 O and NH 3 . 45, 46 Another interesting feature is the characteristic doublet observed when the free amino bond is N-H, due to the proximity of the bound amino N-H b stretch fundamental with one of the C-H stretch fundamentals. When the free amino bond is N-D, a complicated band shape arises, presumably involving anharmonic coupling of the amino N-H b with the H-N-D bend overtone, 2␦͑H-N-D͒.
The present deuteration study on the amide and amino N-H stretching fundamentals in 2AP•2PY and its isotopomers will provide a basis for understanding the amide N-H stretch region spectra of the canonical nucleobases. Comparing to previous work on adenine•thymine 13 and guanine•cytosine, 12 we note that reassignments of the bound amino N-H b stretch vibration may be necessary.
The harmonic frequency calculations of the eight isotopomers of 2AP•2PY using the PW91 density functional and the 6-311ϩϩG(d, p) basis set predict vibrational frequencies, deuteration shifts and deuteration-induced resonances between fundamentals that are in very good agreement with experiment. The differences between calculated and observed frequencies are in general р1.5%, so that the application of a scale factor is not necessary.
